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SQUARKS AND GLUINOS AT THE LHC

MSSM:
minimal content of SUSY
particles + R-parity 10
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Hadron colliders: VS =7 TeV

coloured sparticles most |
copiously produced
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Key discovery processes in SUSY searches




LHC SEARCHES

CMS-PAS-SUS-10-005
[ATLAS-CONF-2011-064] [ ]
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REMINDER: TEVATRON SEARCHES

A,=0, tanf=5, u<0

[CDF, Phys. Rev. Lett. 102, 121801 (2009)]
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Information on total production cross sections for squarks and gluinos

crucial for determination of mass limits in case of no discovery
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PARTONIC SUBPROCESSES

[Kane, Leveille'82][Harrison, Llewellyn Smith'84][Dawson, Eichten, Quigg'85]

Leading Order = O(a.?)




THEORETICAL STATUS: FIXED ORDER

#  NLO SUSY-QCD corrections > O( O(s3 ) [Beenakker, Hépker, Spira, Zerwas'96] [Beenakker,
Krémer, Plehn, Spira, Zerwas’97

(NNLL-NNLO, Coulomb, scale dependence) > O (a.* ) [Langenfeld, Moch'09]
[Langenfeld’10]

Trenkel'08] [Beccaria et al.'08] [Mirabella'09] [Germer, Hollik, Mirabella, Trenkel’10] ] [Germer, Hollik,
Mirabella’11]

?  For squark-antisquark and stop-antistop production: dominant NNLO contributions

7 EW corrections > O ( o2 o2 ) [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,

N

/




THEORETICAL STATUS: FIXED ORDER

| pesoercomectonsto () s N

#  NLO SUSY-QCD corrections > O( O(s3 ) [Beenakker, Hépker, Spira, Zerwas'96] [Beenakker,
Krémer, Plehn, Spira, Zerwas’97

?  For squark-antisquark and stop-antistop production: dominant NNLO contributions

(NNLL-NNLO, Coulomb, scale dependence) > O (a.* ) [Langenfeld, Moch'09]
[Langenfeld’10]

7 EW corrections > O ( o2 o2 ) [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,
Trenkel'08] [Beccaria et al.'08] [Mirabella'09] [Germer, Hollik, Mirabella, Trenkel’10] ] [Germer, Hollik, /
\

Mirabella’11]

| Treetevel W effects O o) and O(a2)

2 QCD-EW interference and photon-induced contributions, tree-level EW [Bornhauser et

al.'07][Alan, Cankocak, Demir'07] [Hollik, Kollar, Trenkel'07][Hollik, Mirabella'08] [Hollik, Mirabella,
\_ Trenkel'08] [Bozzi, Fuks, Klasen'05] [Germer, Hollik, Mirabella, Trenkel’10] [Germer, Hollik, Mirabella’11] )

===2  \W. Hollik’s talk



LO vs NLO

NLO SUSY QCD K-factors, LHC @ 7 TeV [Beenakker, Hopker, Spira, Zerwas'37]

1300
1200
1100 ¢

Large NLO K-factors,
in particular for
gluino-pair and
squark-gluino
production
4

SUSY-QCD: only m, . and ]

200 400 600 800 1000 1200 200 400 600 800 1000 1200 [ m dependence

gluino
Msquark Msquark

plot courtesy of S. Brensing



NLO

NLO SUSY QCD, LHC @ 7 TeV [Beenakker, Hopker, Spira, Zerwas’97]

Relative weights

0.2n =5
s 0.10 y

400 600 800

mswark

1000 1200 200 400 600 800 1000 1200

Msquark
e plot courtesy of S. Brensing



AT THRESHOLD

Large masses of SUSY particles = production close to threshold § ~ 4m?

General structure of the NLO correction in the threshold limit 8 —0, /32 =1-4m*/5

. . ~ 1 .
AOA'Z'NLO ~ a, OqiLO{A(z) 10g2(52) _|_B(z) 10g(52) 4+ Cf(z)E _|_D(z)}

\

Soft/collinear gluon emission Coulomb gluons
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Large masses of SUSY particles = production close to threshold § ~ 4m?

General structure of the NLO correction in the threshold limit 8 —0, /32 =1-4m*/5

. . 1 .
AG N ~ a, @LO{A(” log®(8%) + BY log(8%) + C = + D‘”}

o
Soft/collinear gluon emission Coulomb gluons
[ Both types of corrections can be resummed to all orders J

Here: NLL resummation of

soft gluon corrections




AT THRESHOLD

Large masses of SUSY particles = production close to threshold § ~ 4m?

General structure of the NLO correction in the threshold limit 8 —0, /32 =1-4m*/5

. . 1 .
AGNHO ~ cfiLO{A(Z) log®(3%) + BW log(5?) + ¢ = + D(’)}

o
Soft/collinear gluon emission Coulomb gluons
[ Both types of corrections can be resummed to all orders J

—> LO Coulomb corrections (a./B)"resummed for qq
Here: NLL resummation of and &8 [Kulesza, Motyka'09]

soft gluon corrections — Bound-state effects and Coulomb corrections for
g’g [Hagiwara, Yokoya’09] [Kauth, Kiihn, Marquard, Steinhauser’10]

Resummation of soft and Coulomb corrections together [Beneke, Schwinn, Falgari’09], applied to 65
=== Ch. Schwinn’s talk at NLL [Beneke, Schwinn, Falgari’10]



SOFT GLUON RESUMMATION

Systematic reorganization of perturbative series, for threshold logs performed in the
space of Mellin moments [Sterman’87][Catani, Trentadue’89]

1
Oh iy ({m?}) = / dp PN Gnana—ri(p Am?Y) = F Y (W) FOLY (12)6 5 ({m? Y, 1?)
,J

p=4m?/S
with

1
Afjjv—{kl({mQ} K ) L dﬁﬁ N O-ij—>k:l(pA7 {?7?,2},,&2)

=13 log(1 — p) = log(?) «— log(N) = L

[6(N) ~ C(as)exp [Lgi(asL) + go(asL) + asgs(asL) + .. ]J

N

sums up LL: a,"log ™ (N)  NLL: a,"log"(N)




THRESHOLD RESUMMATION FOR SQUARKS

All-order factorization of soft and collinear
emission

Schematically, in N space

[ o ~ H(off — shell) x A;(col) x Aj(col) x S;;(soft) J

Exponentiation from solving RGEs



THRESHOLD RESUMMATION FOR SQUARKS

All-order factorization of soft and collinear
emission

Schematically, in N space

[ o ~ H(off — shell) x A;(col) x Aj(col) x S;;(soft) J

Exponentiation from solving RGEs

4 gGg 33 = 148 )
GG 3®3 = 346
Complication: colour structure i5 398 = 30615
GG 88 = 1H8FE8310510627
\_ ),




THRESHOLD RESUMMATION FOR SQUARKS

All-order factorization of soft and collinear

emission
(N)  14(N) (N) A(N) y
Oiitrt = Hiz g1y X AFA; X Sij—kl,JI
—— N—— —
hard function soft- collinear radiation soft wide-angle emission

universal factors; KNOWN  process-dependent

Exponentiation from solving RGEs

Complication: colour structure

2 H, Sare matrices in colour space



THRESHOLD RESUMMATION FOR SQUARKS

All-order factorization of soft and collinear

emission
(N)  14(N) (N) A (N) y
Oiitr = Hij g1y X AFA; X Sij—kl,JI
—— N—— —
hard function soft- collinear radiation soft wide-angle emission

universal factors; KNOWN  process-dependent

Exponentiation from solving RGEs

0

0
(u@ ' ﬁ(g)a—g) S = 1t S(N) ;= S(N),,Tes

Complication: colour structure Need to knf)W SOft
anomalous dimension

A H, Sare matrices in colour space matrix [,




RESUMMATION FOR 2—2 PROCESSES WITH

COLOUR AND MA

Threshold limit: NLL resummed partonic cross section [Kidonakis, Sterman'96-97]
[Bonciani, Catani, Mangano, Nason'98]

~ (res,N ~(0,N N N soft, N
f O-z(j—>k:l) = Z O-z(j—>k:)l,l A,E )A§- )Afgj—ﬂql,f) \

Soft, wide-angle emission,
N-moments of LO  goft_collinear radiation from process dependent
incoming partons, universal,
known

QIN 4 _
A —esp | 77D b YD~ T oRe)
7

q T p—0 ozs/y

k Soft anomalous dimension matrix

Condition: choice of orthogonal basis in colour space for which I, is diagonal in the
threshold limit, here s-channel basis [AK, Motyka’ 09] . In general possible to construct
such basis in which I, diagonal to all orders [Beneke, Falgari, Schwinn’09]




SOFT ANOMALOUS DIMENSIONS

Need 1-loop anomalous dimension matrices in order to resum up to NLL

. massless 2—>n QCD processes [Kidonakis, Oderda, Sterman'98] [Bonciani et al.'03][Mert Aybat,
Dixon, Sterman'06]

7  massive case: heavy quark pair-production [Kidonakis, Sterman'96][Bonciani et al.'98]

7  (By now, anomalous dimensions known at 2 loops for massless [Mert Aybat, Dixon,
Sterman’'06] and massive case [Mitov, Sterman, Sung’09-"10][Ferroglia, Neubert, Pecjak, Yang’09]
[Beneke, Falgari, Schwinn’09], [Czakon, Mitov, Sterman’09] [Kidonakis’10] and higher [Becher,
Neubert’09] [Gardi, Magnea’09] [Dixon,Gardi, Magnea’09])



SOFT ANOMALOUS DIMENSIONS

Need 1-loop anomalous dimension matrices in order to resum up to NLL

[;for 22 processes with nontrivial colour structure and massive particles in the
final state = full set of D'* coefficients for squark and gluino production processes

p*) _ =0, -3 I=1{1,8
c(;;;)—«jq,l {0, -3} {1.8}
D?{’Tﬁ’ ; = {0, -3} I ={1,8}
D,y .ag.1=10.—3,-3} I={1,85.84}
D%}ng ; = {0, -3,-3, -6, -8} I ={1,85.8,.10 ¢ 10,27}
~ 23,
D?ff@’ ; = {—4/3,-10/3} I = {3,13}
D, .5 1 =1{—4/3,-10/3,-16/3} I = {8,8,15}

2 DA correspond to values of the quadratic Casimir operators for the SU(3) representations
for the outgoing state =» soft gluon radiation only “feels” the total colour charge of the
heavy-particle pair produced at threshold



RESUMMATION-IMPROVED NLL+NLO TOTAL

NLL resummed expression has to be matched with the full NLO result

/ Cmpico  Jns
match — N+1 N+1
oy (o mPh ) = / p N ) £ (i)

27?2
i,j=q,q,g Y CMP 100

~ (res,N ~ (res,N
X [O-'L(j—>k:l)<{m2}7:u2> - Uquﬁkz)({m%a/ﬂ)

NLO

\ + Uh1h2—>k:l<:07 {m2},,u2), /

Inverse Mellin transform evaluated using a contour in the complex N space according
to 'Minimal Prescription’ [Catani, Mangano, Nason Trentadue'96]

NLO cross sections evaluated with publicly available code PROSPINO [Beenakker,
Hoepker, Krimer, Plehn, Spira, Zerwas] [http://people.web.psi.ch/spira/prospino/]
[http://www.thphys.uni-heildelberg.de/plehn/prospino/]



STOPS

Scalar SUSY-partners of left- and right-handed fermions mix: weak interaction
eigenstates f,, f, mix into mass eigenstates f;, f,

The off-diagonal terms in the mixing matrix are proportional to fermion mass, m,

Strongest mixing in the 37 generation, in particular in the stop sector

Stop likely to be the lightest squark
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Scalar SUSY-partners of left- and right-handed fermions mix: weak interaction

eigenstates f,, f, mix into mass eigenstates f;, f,

The off-diagonal terms in the mixing matrix are proportional to fermion mass, m,

Strongest mixing in the 37 generation, in particular in the stop sector

Stop likely to be the lightest squark

At leading order
Squark-antisquark
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STOPS

Scalar SUSY-partners of left- and right-handed fermions mix: weak interaction
eigenstates f,, f, mix into mass eigenstates f;, f,

The off-diagonal terms in the mixing matrix are proportional to fermion mass, m,

Strongest mixing in the 37 generation, in particular in the stop sector

Stop likely to be the lightest squark

At leading order

Stop-antistop -
Only diagonal i.e. tt,, t,t,

>m.\’/ pairs produced
" LO cross section depends only on
the stop mass -
P2 11 ST 2 112 W - .o
. ! ;\/ L Note: for sbottom-pair b, b,
\ : N production LO pp contribution
N 1 22 1 L T 2 2 X X A N >

negligible



Ill. RESULTS FOR 7 TEV

A. Kulesza, Squark and gluino production at the LHC
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TOTAL NLL+NLO PRODUCTION RATES

oxro+~LLpb], LHC, VS = 7TeV

10% ¢ mg = Mg
10t
10° |
10—1 L

W—
1072  n——— qq
10-3 | g MSTW 2008

200 400 600 800 1000 1200
m[GeV]

Width of the bands: theory error due to scale variation 0.5 < p/m < 2,
68% C.L. pdf error and o, error




NLL CORRECTIONS

[W. Beenakker, S. Brensing, M. Krimer, AK, E. Laenen, L.Motyka and I. Niessen, arXiv:1105.1110]

1.30 : : : : O.resummed,NLL
KNLL MSTW 2008 KNLL = O-NLO
125 + pp— g9+ X —— .
Soft-gluon resummation
1.20 enhances the cross sections
1.15 Highest corrections for the
gluino-pair production: 20%
1.10 correction to the NLO results for
m,~=1TeV
1.05
For the squark-gluino channel,
1.00 NLL correction reaches 10% at

200 400 600 800 1000 1200 m=m,=1TeV



STOP RESUMMATION

Status: NLO SUSY-QCD [Beenakker, Kréimer, Plehn, Spira, Zerwas’97]
NNLO dominant contributions [Langefeld’10]

Here: NLL+NLO [Beenakker, Brensing, Krdmer, A.K., Laenen, Niessen’10]
mt~2 [GeV]
550 600 650 700 750 800 850 900 950 1000 0.100 , ,
T 14 — =
) ONLO4NLL [P 113 F Knoolpp — Gety + X) = oty 1 0.090 | 7 (pp —hti+ X > [pb] |
102 F ; 112 b /=7 Tev — ht] 0080 | VS =17TeV
1.11 e po = my =500 GeV
10 110 P 0.070
w00 L 18: ' ] 0.060
1.07 b . 0.050 -

107" ¢

1.06 1 0.040 +

1.05 F ] el
104 | 1 0-030 1
103 f 1 0.020 |
1.02 - _ NLL+NLO

102 o
pp — tit + X

1073 F VS =7TeV

[y = m; i 0.010 |- -~~~ NLO
ookt N ey N s
100°200°300 400 500G6(i[/) 700800900 1000 T7100 150 200 250 300 350 400 450 500 550 . 0.1 0.2 0.5 1 2 5
mg [ e } my, [Gev] ’LL/,U/O

[ Reduction of the scale dependence for NLO+NLL predictions, compared with NLO ]




SCALE VARIATION

[W. Beenakker, S. Brensing, M. Krimer, AK, E. Laenen, L.Motyka and I. Niessen, arXiv:1105.1110]

Squark-gluino production Gluino-pair production
200 - T T T T 040 T T T T
: o(pp — 49+ X)) [pb] o (pp — 43+ X ) [pb]
_‘ VS = 7TeV 0.35 VS = 7TeV |
s b o =m = 700 GeV 1 0.30 [ % 1o = m = 700 GeV 1
‘ MSTW 2008 095 | MSTW 2008 ]
. mg = Mg mg = mg
1.00 1 0.20 r |

0.15 F -

0.50 ¥ 0.10
#~—— NLL + NLO y
. 1\12160 """"""""""" 0.05 b . NLO e |
----------- LO '
0.00 ' ' ' ' 0.00 ' ' ' '
0.1 0.2 0.5 1 9 5 0.1 0.2 0.5 1 2 5
1/ o 1/ ko

Significant reduction of the scale dependence for NLL+NLO compared to NLO,
especially for gluino-pair production




SCALE VARIATION CTND.

[W. Beenakker, S. Brensing, M. Krimer, AK, E. Laenen, L.Motyka and I. Niessen, arXiv:1105.1110]

Squark-gluino production Gluino-pair production
1.25 ) T T T T 1.25 : : : .
o(p ~~ -
1.20 ooy (PP 9 +X) 1 1.20 ;((;52) (pp—= g9 +X) e ]
Lis pVS=TTeV. - 115 VS =7 TeVorm™" ]
110 b e | N _
LOS r NLO, it = 1m LO5 r NLO, i = Lm
1.00 +——— NLO + NLL, u = %m - 1.00 f—— NLO + NLL, u = %m -
0.5 L~ NLO+NLL, 4 = 2m | — NLO +NLL, z = 2m
T NLO, yu = 2m 095 r .. NLO, it = 2m -
0.90 k. i 0.90 F I
o | _ 0.85 L |
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0.75 4 . 9 ' . ! 0.75 a 9 . !

200 400 600 800 1000 1200 200 400 600 800 1000 1200




THEORY ERROR

[W. Beenakker, S. Brensing, M. Krémer, AK, E. Laenen, L.Motyka and I. Niessen, arXiv:1105.1110]

Squark-gluino production Gluino-pair production
1.40 T T T T 1 50 ~|~ T T T
pp—qg+X MSTW2008 ' pp— g9+ X MSTW2008
B30 VS =7 Tev L0 F /S — 7 Tev
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0.60 r NLO + NLL scale var. ~ ==eees NLO + NLL scale var. —  =oeeeeees
1 1 1 1 0.30 1 1 1 1
200 400 600 800 1000 1200 200 400 600 800 1000 1200

m|[GeV] m[GeV]




TOTAL INCLUSIVE CROSS SECTION @ 7 TEV

e D ONLO+NLL[PD] _
102
103
| I Iy o
100 F g ‘
=
_ £
100 |

- PP — G3+Haa+ag+ag + X
-1 L

0 F Ve =7Tev

[ Mg =mg=m

1072 ¢
[ Ho=m

! ! ! 200
900 400 600 800 1000 1200 200 300 400 500 600 700 800 900 1000 1100 1200 1300

m|GeV] Msquark

plot courtesy of S. Brensing

Most precise predictions for squark and gluino production rates currently available




NLL AT TEVATRON

NLL resummed results also available for all four processes of squark and gluino

. . . . y
production at the Tevatron [Beenakker, Brensing, Krimer, A.K., Laenen, Niessen’09]
102 - 0.20 ‘ ‘ ‘ ‘ : : 1.4 ” '
a(pﬁ%é§+§§+qq+<j§+X)[pb] s | KNLL—l(pp—>qq+gg+qq+qg+X) L3 U(MO)(pququgg+QQ+qg+X.)
10!} VS = 1.96 TeV 1 VS = 1.96 TeV y/ '
016 + r="a ,:,’;/,x“_
mg A 1.2
m i =m y B q R
100 F gluino squark | o b nw=m
1.1 F
----------- NLO, p = —m
101k 0.12 Lo L — NLO +NLL p=1im
. : — NLO+NLL, y1 = 2m
o[ -r T NLO, p =2m
10 09 r
0.08
-3 L e
10 s NLL 4 NLO, 2 sm < < 2m 0.06 p= --/-;",'-?" 0.8 r
—— NLL + NLO M m - glumo squark
1074 0.04 ! ! ! ! ! ! ! 0.7
200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600 200 250 300 350 400 450 500 550 600
m[GeV] m|GeV] m|GeV]

Most precise predictions for squark and gluino production rates currently available




TEVATRON MASS LIMITS REVISITED

o(pp— G4+ gg~+qg+qg+ X) [pb]

0-250 s\\ T T s\\ N N T T T T T
A SO mo =500GeV, Ag =0, tan(f) =3, p <0
0.225 + N MSTW2008 -
= NLO, I <p<2m

= NLL + NLO, 5m < pp < 2m)

0.200 .

—+— observed limit

D@, L =2.1fb~ !
0.175
0.150
Amg
0‘125....I....I.......:‘I...\}.......\\....
300 305 310 315 320 325 330 335 340

mg[GeV]
? Reduced theory error due to scale variation

2 Shift of the central value and the error band



TEVATRON MASS LIMITS REVISITED

7  More advanced study needed to fully determine the impact on the Tevatron exclusion bounds -
improved analysis of the CDF mass bounds
[Beenakker, Brensing, D’Onofrio, Krdmer, A.K., Laenen, Martinez, Niessen, in preparation]

A  Cross sections change ?  Signal selection efficiencies can change
10k Cross section  \s=1.96 TeV 0.2? CDFRunII (2.0 fb')

g i M, =M, 018  M:=M; %
b w A ;.;
,g.‘ L b [ o 4-jets NLO (CTEQ6.1)

N, 1t 0.14 © 2-jets NLO (CTEQ6.6)

= 1 - i e [ o 3-jets NLO (CTEQ6.6)
g g 1 g 0.12F © #ets NLO(CTEQ6.6) 1
. 5 F ! 5) * [ —=*— 2-jets NLO+NLL (CTEQ6.6) 1 1
Q C L . - —+— 3-jets NLO+NLL (CTEQ6.6) T

3 L 1 H q% 0.1 — 4-jets NLO+NLL (CTEQ6.6) I

. 1] fam) C 4 !

% NLO (CTEQ6.1) ﬁ} m 0 08 - I %
1 r ® ©
5 10 ! £~ NLO(CTEQ6S) H} 0.06— CR :

L 111 i “ @ ]

|+ NLO+NLL (CTEQ6.6) i - 0'045 O
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?  Last word on mass exclusion limits from Tevatron : for equal squark and gluino masses
improvement of 5-8% on previous values
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NLL+NLO results are the most accurate predictions currently available for all channels of squark and
gluino production, should be used for determination of mass limits at the LHC
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